Abstract: A simple method to covalently crosslink chitosan using poly(ethylene glycol) diacid as crosslinking agent is proposed. Networks net-chitosan-ι-PEG(COOH) 2 were obtained by heating chitosan in aqueous PEG 600 (COOH) 2 solutions at a temperature higher than 60°C. IR spectroscopy revealed the formation of amide bonds. It is shown that the obtained chemical networks are pHsensitive hydrogels with enhanced hydrophilicity. The equilibrium degree of swelling of the hydrogels is determined by the conditions of their preparationheating temperature and mole ratio between chitosan and the crosslinker. The ability of the polymer networks to facilitate bone regeneration processes was shown by in vivo implantation experiments.
Introduction
The great demand for materials that can serve in repairing bone defects caused by trauma, tumour or other diseases has led to the use of bone cements, metals and ceramics. However, they impose several limitations such as immunological response by human body and limited tolerance that could lead to implant rejection and secondary surgical intervention. Over the last years much effort is being made to develop new materials that could stimulate bone tissue regeneration. Such implants have to ensure suitable conditions for cell attachment, proliferation and differentiation and should be biocompatible and biodegradable. One approach to solve these problems is the creation of novel materials based on biodegradable polymers designed to allow diffusion of nutrients and to guide cell organisation, attachment, and migration [1, 2] . This accounts for the great interest in bone implants based on poly(α-hydroxy acid)s (poly(lactic acid), poly(glycolic acid)) or natural polymerscollagen, some polysaccharides (chitosan, alginate, etc.). The polysaccharides may easily form polymer networks with suitable polymer partners and can be easily manufactured to products with desired shape and dimensions. A hydrophilic polysaccharide surface may offer favourable conditions for cell adhesion and proliferation and their moieties play an important role in cell signalling and immune recognition. One of the most widely studied polysaccharides in developing polymer implants is chitosan.
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Chitosan is a natural biocompatible and biodegradable polyaminosaccharide of low toxicity and almost no antigen activity [3] . The incorporation of sulfoamino derivatives of chitosan in conventional calcium-phosphate cements has been shown to lead to an excellent tissue response and good osteoconductive properties of the materials [4] . Chitosan possesses free amino and hydroxyl groups able to participate in crosslinking reactions. Although there is some controversy on the actual structure of the crosslinks, chitosan-glutaraldehyde is the most extensively used system for preparing chitosan hydrogels [5, 6] . However, the toxicity of the crosslinker has adverse effects on the biocompatibility of the obtained materials [7] . Therefore, there is a need in developing non-toxic and biocompatible crosslinking agents. If such crosslinkers might impart new desired properties to the polymer networks, e.g., to increase their hydrophilicity, the resulting hydrogels should possess increased biocompatibility.
Poly(ethylene glycol) (PEG) is widely used in many biomedical applications because of its set of outstanding physico-chemical and biological properties such as hydrophilicity, lack of toxicity [8] ), absence of antigenicity and immunogenicity [9] . Several studies have been published on combining chitosan and PEG or high-molecularweight poly(oxyethylene) (POE). One approach consists in grafting PEG onto chitosan [10] [11] [12] . We have used another approach to obtain flexible transparent chitosan/POE films. The films were prepared by casting from mixed chitosan/POE solutions [13] . The lack of phase separation, the thermal stability and the possibility to control the drug release from these films makes them suitable for preparing drug dosage forms. We have also shown that chitosan is soluble in PEG diacid aqueous solutions [14] . pH-Sensitive physical networks suitable for the preparation of monolayer type devices for drug release were prepared by casting from these solutions. Recently PEG dialdehyde diethyl acetals were synthesised and used to generate in situ PEG dialdehydes for the crosslinking of partially reacetylated chitosan via Schiff reaction and hydrogenation of the aldimines [15] .
In the present work a simple method to covalently crosslink chitosan using PEG diacid as crosslinking agent is proposed. Networks are obtained by heating solutions of chitosan in aqueous PEG diacid solutions. The suitability of the obtained hydrogels to serve as matrices in bone regeneration processes is shown in vivo.
Results and discussion
It is known that chitosan is a weak base (pK a 6.5 [16] ) and it dissolves in aqueous solutions of some mineral and organic acids. Chitosan dissolved when introduced into aqueous PEG 600 (COOH) 2 solution. At the mole ratio [СООН] : [NH 2 ] = 0.25 the acidity of chitosan/PEG 600 (COOH) 2 solutions was not sufficient to provide complete dissolution of chitosan and it was necessary to add acetic acid in order to obtain a homogeneous solution. When chitosan/PEG(COOH) 2 solutions were left to dry at room temperature, physical networks chitosan/PEG(COOH) 2 were obtained due to the ionic interactions between the protonated chitosan amino groups and carboxylate anions of PEG(COOH) 2 (Scheme 1A). To prepare covalently crosslinked networks, chitosan/PEG(COOH) 2 IR spectroscopy gave proofs for the structure of net-chitosan-ι-PEG(COOH) 2 .
Normalised IR spectra of films were registered and compared with spectra of bare chitosan film and of PEG 600 (COOH) 2 (Fig. 1) . The IR spectrum of chitosan showed characteristic bands at 1655 сm -1 (amide I) and at 1595 сm -1 (amide II). Stretching N-H and O-H vibrations appeared as a wide band at 3200 -3500 cm -1 . The bands due to its saccharide structure were observed at 1154, 1073 and 1032 cm -1 . The main bands in the PEG 600 (COOH) 2 spectrum were: at 1111 cm -1 C-O-C bending and at 1741 cm -1 C=O deformations for the carboxylic groups.
The IR spectrum of the purified networks net-chitosan-ι-PEG(COOH) 2 differed from those of the polymers alone by a slight shift of the amide I band towards lower frequencies. A change in the intensity ratio of amide I/amide II bands was clearly observed. Whereas in bare chitosan the ratio was equal to 1, in the spectra of the networks the amide I band was stronger than amide II. This ratio was higher for networks with higher crosslinking degree. In addition the bands of C=O deformations of carboxylic groups of PEG 600 (COOH) 2 were not present in the spectra of the networks thus proving that any unreacted PEG 600 (COOH) 2 has been eliminated. Another feature was the intensity ratio between the amide bands and the C-H deformation band at around 1380 cm -1 . This ratio increased on increasing the amount of crosslinker. All these changes in the IR spectra prove that chitosan crosslinking proceeded by amide bond formation with PEG 600 (COOH) 2 .
The effect of the reaction conditions (temperature and mole ratio between chitosan and PEG diacid) was evaluated. The results showed that the films, formed by heating the initial solutions at temperatures lower than 60°C, were soluble in acidic medium, i.e., crosslinking did not proceed at temperatures lower than 60°C. Networks were obtained on heating the initial solutions at mole ratios [COOH] : [NH 2 ] ≥ 0.75; at 80°C networks were obtained also at [COOH] : [NH 2 ] = 0.5. When the heating temperature was 100°C, insoluble films were obtained at all mole ratios. At this temperature the yields were the highest (Tab. 1). Both temperature and mole ratio between the components had an effect on the composition of the network. It was found that on storage for 9 months at room temperature the physical networks lost their solubility in acidic medium thus implying that crosslinking had occurred. The highest degree of crosslinking for all mole ratios was achieved at heating temperature 100°С. At 100°С about 90% of the crosslinker PEG(COOH) 2 reacted.
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Determination of the moisture content in net-chitosan-ι-PEG(COOH) 2
The moisture content (hygroscopic capacity) of the networks was examined for different heating temperatures as a function of the mole ratio The presence of strongly hydrophilic poly(oxyethylene) chains had a significant effect on the hygroscopic capacity of the networks net-chitosan-ι-PEG(COOH) 2 . With increasing the content of the hydrophilic PEG 600 (COOH) 2 , the hygroscopic capacity of the network increased.
Equilibrium degree of swelling of net-chitosan-ι-PEG(COOH) 2
The chemical networks net-chitosan-ι-PEG(COOH) 2 were pH-sensitive and the dependence of their equilibrium degree of swelling (α eq ) on the pH value (1.2, 4. The results showed that the α eq value of net-chitosan-ι-PEG(COOH) 2 decreased on increasing the heating temperature (Fig. 2) . This effect might be explained by the different degrees of crosslinking of chitosan. It was most pronounced in acidic medium, where free amino groups of chitosan are almost completely ionised (degree of ionisation 98% at pH 4.8) (Fig. 2A) . The degree of crosslinking increases with increasing heating temperature (Tab. 1) leading to a decrease in the number of free amino groups and, consequently, in decrease in α eq . At pH 7.0 about 76% of the amino groups are non-protonated. This is the reason why α eq is not considerably dependent on the heating temperature (Fig. 2B) . The dependence of the equilibrium degree of swelling on pH values is shown in Fig.  3 . It is seen that the hydrogels are sensitive to pH changes and the equilibrium degree of swelling decreases with increasing pH. This is due to the fact that in acidic medium free amino groups of chitosan (those that do not participate in amide bonds) are ionised to a large extent. At pH values higher than 6.2 most of the amino groups are not protonated (degree of ionisation 24% at pH 7.0 and 0.3% at pH 9.0), the α eq values are low and the influence of рН is negligible. The low swelling in this pH range is probably due to the presence of the non-ionogenic poly(oxyethylene) chains in the structure of the polymer network.
With increasing the ionic strength to I = 1.0 a significant decrease in α eq was observed (Fig. 3B) .
For net-chitosan-ι-PEG(COOH) 2 at mole ratio [СООН] :
[NH 2 ] = 0.5, the α eq value at рН 1.2 was 2.5 times lower than that at І = 0.1 at the same pH value. This effect might be attributed to the screening effect of the ions of the lowmolecular-weight electrolyte (NaCl) on the ionised amino groups of chitosan.
The equilibrium degree of swelling depends also on the mole ratio [COOH] : [NH 2 ] (Fig. 3) . With increasing the content of PEG 600 (COOH) 2 , α eq decreased. This is due to the decreasing number of free, ionisable amino groups in the chitosan macromolecule on increasing the content of the crosslinker. Therefore, for the networks at mole ratio [СООН] : [NH 2 ] = 1, for which the degree of crosslinking was the highest, α eq did not significantly depend on рН.
It should be noted that in strongly acidic medium (рН 1. th postoperative day showed that the contact of the implanted material with the bone had been very good. In all artificial defects, including the control ones, lymphocytes and single plasmocytes were observed thus showing a weak immunological response as a result from the surgical intervention. The evaluations showed a large number of osteoclasts that assisted in the processes of bone tissue formation.
On the 40 th post-operative day a large number of osteoblasts was found on the boundary between bone and implant ( Fig. 4A ) and single osteocytes in the artificial defects filled with implants based on bare chitosan and net-chitosan-ι-PEG(COOH) 2 . Osteoblasts were found also inside the implants. The processes that proceeded on the 40 th day revealed the active reorganisation of the bone. This result might be explained with the presence of a system of interconnected channels inside the implants allowing cell migration from the surface to the core of the implant. It might be expected that the degradation rate of these implants would be significant since the surface exposed to the body fluids and cells is great. Bone regeneration proceeded from the ends of the bone defects to the core as well as inside the implants and the presence of osteoblasts and osteocytes showed that the implants promoted the ingrowth of the surrounding tissues.
Pathomorphological observation of orifices, filled with implants based on bare chitosan or on networks net-chitosan-ι-PEG(COOH) 2 at mole ratios [СООН] : [NH 2 ] = 0.75 and 0.5 on the 60 th post-operative day showed availability of osteoid tissue in the entire volume and on the implant surface, which contained calcification areas (Fig. 4B) . This result shows that the implants stimulate the mineralisation.
On the 180 th post-operative day the bone defects initially filled with implant based on chitosan or net-chitosan-ι-PEG(COOH) 2 at the mole ratios [NH 2 ] : [СООН] = 1:0.75and 1:0.5 were filled with a newly-formed mature bone tissue (Fig. 5) . The mineralised tissue was distributed in the entire volume of the former defect. The results imply that the ease of processing into a desired 3D shape of an appropriate biodegradable hydrogel material provides opportunities for the design of new osteoconductive scaffolds for bone regeneration in cases of non-load-bearing bone defects. 
Conclusion
For the first time PEG 600 (COOH) 2 was used as a crosslinking agent to prepare covalently crosslinked chitosan. This was made by a simple method which consisted in heating chitosan in PEG 600 (COOH) 2 aqueous solutions at temperatures higher than 60°С. Using IR spectroscopy formation of amide bonds between amino groups of chitosan and carboxylic groups of PEG 600 (COOH) 2 was demonstrated. The networks net-chitosan-ι-PEG(COOH) 2 were pH-sensitive and their equilibrium degree of swelling depended on the pH and the ionic strength of the medium, and also on the composition of the networks, which was determined by the heating temperature and the mole ratio between chitosan and the crosslinker PEG 600 (COOH) 2 .
8
The results from in vivo studies of the regenerating processes in artificial bone defects, filled with net-chitosan-ι-PEG(COOH) 2 , showed that the networks stimulated bone repairing. The processes were slow in the initial stage and much faster in the course of degradation. This implies that the implants and their degradation products possess bone growth-stimulating effects. After full degradation of the implants the bone was completely regenerated.
Experimental part

Materials
Poly(ethylene glycol) diacid (PEG 600 (COOH) 2 ) (Fluka, Biochemika) and chitosan from crab shells (Fluka, Biochemika) (M v = 3. [17] . All other reagents were of analytical grade of purity. The following buffer solutions were used: рН 1.2 (HCl/KCl); рН 4.8 (CH 3 COOH/NaOH); pH 6.2 (citrate buffer C 6 H 8 O 7 / C 6 H 5 Na 3 O 7 ); pH 7.0 (KH 2 PO 4 /Na 2 HPO 4 ) and pH 9 (NaHCO 3 /Na 2 CO 3 ).
Preparation of networks based on chitosan and PEG 600 (COOH) 2
Chemical networks based on chitosan and PEG 600 (COOH) 2 (net-chitosan-ι-PEG-(COOH) 2 ) were prepared by dissolving chitosan in PEG 600 (COOH) 2 2 by washing them successively on a shaker bath with water/HCl (pH 2), phosphate buffer (pH 7) and carbonate buffer (pH 9). The networks were dried to constant weight and the difference between the weights of crude dry network and of purified network was used to calculate the amount of unreacted PEG(COOH) 2 . The percentage of reacted crosslinker was taken as the degree of crosslinking. The standard deviation in the determined values of the degree of crosslinking was in the range 1.5 -2.9. Normalised IR spectra of film samples were registered on a spectrophotometer FT-IR Bruker Vector 22.
Determination of the moisture content in net-chitosan-ι-PEG(COOH) 2
To determine the moisture content in net-chitosan-ι-PEG(COOH) 2 , previously dried to constant weight, the samples were placed in a desiccator at air moisture 100% and temperature 20°C. At determined time intervals samples were taken out and weighed. The measurements continued for 24 h. This period was long enough for all networks to reach the equilibrium moisture content. The moisture and temperature were followed with a combined thermo-moisture-meter Rowenta (Germany).
Swelling measurements
The networks net-chitosan-ι-PEG(COOH) 2 were soaked in distilled water at room temperature in a shaker bath for 5 h. To determine the equilibrium degree of swelling, pre-weighed dry samples were immersed in buffer solutions with various pH (1.2, 4.8, 6.2, 7.0 and 9.0) and different ionic strength (I = 0.1 or 1) at 25°C. The ionic strength was adjusted by adding NaCl. Samples were taken out at regular time intervals, the excess surface water was gently removed with filter paper, and the weight of the swollen samples was measured. The equilibrium degree of swelling is expressed as: α eq (%) = 100 x (W e -W d )/W d (1) where W e and W d are weights of the sample in the equilibrium swelling state and in the dry state, respectively. The results are mean values of three measurements.
Bone regeneration experiments
Films of chitosan and networks net-chitosan-ι-PEG(COOH) 2 in mole ratios [COOH] :
[NH 2 ] = 0.75 and 0.50 were swollen in solutions of lidocaine (0.2%) and doxycycline (0.3%) in saline solution (0.9%). To make the swollen samples ready for implantation, they were ground to pastes using a mortar. Adult male New Zealand white rabbits (3 kg) were anaesthetised with 150 mg Calipsol ® intramuscularly. Four round defects were made in the left mandible of each animal using a 3-mm drill bit. The implants were gently press-fitted into three of the defects and one defect was left empty as a control. After different times (14, 40, 60 and 180 days) rabbits were sacrificed with Ketalar intravenously. For the histological observations bone samples were fixed in neutral buffered formalin for 10 days. After that the samples were sectioned with a histological diamond saw (each fragment consisting of one bone defect). Decalcification of bone samples was done as previously described [18] and samples were placed in paraffin and coloured with hemalaun-eosin (HE). Microscopic observations were conducted with a light-microscope Laboval 4 (Carl Zeiss -Jena, Germany).
